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Abstract
The isoscalar-isovector (ρ−ω) interferences in the exclusive reactions pi−p→
ne+e− and pi+n→ pe+e− near the ω threshold leads to a distinct difference of
the dielectron invariant mass distributions depending on beam energy. The
strength of this effect is determined by the coupling of resonances to the
nucleon vector-meson channels and other resonance properties. Therefore, a
combined analysis of these reactions can be used as a tool for determining the
baryon resonance dynamics.
PACS: 13.75.-n; 14.20.-c; 21.45.+v
keywords: hadron reactions; baryon resonances; rho and omega interference.
I. INTRODUCTION
The study of dielectron production in hadron and heavy-ion reactions addresses various
issues of general interest. In heavy-ion collisions the dileptons are considered as a tool for
accessing in-medium modifications of vector mesons. For example, at relativistic energies,
the behavior of the ρ meson attracted much attention because the dilepton data [1] point to
a reshuffling of strength in a hot, meson-dominated medium [2,3]. This has been discussed
in the wider context of chiral symmetry restoration (cf. [3,4]), QCD sum rules (cf. [5]), and
hadronic models (cf. [6]). Likewise, the dielectron production in heavy-ion collisions at beam
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energies of a ∼ 1 AGeV is interesting due to similar reasons. Also here the dielectron channel
is considered as an appropriate tool for studying in-medium modification of vector mesons
in a baryon-dense medium. After the first round of experiments with DLS [7], the HADES
spectrometer at the heavy-ion synchrotron SIS at GSI/Darmstadt [8], beginning now with
experiments, is built to verify these predictions related to fundamental symmetry properties
of strong interaction physics. The experimental feasibilities at HADES (e.g., the disposal of
beams of pions, protons and a wide range of nuclei) triggered an enhanced activity in this
field.
Clearly, for an understanding of dielectron spectra in hadron-nucleus and heavy-ion col-
lisions the elementary hadronic reaction channels must be under control. Here the reactions
NN → Xe+e− and πN → Xe+e− occupy a highly important place in the dielectron physics.
These reactions serve as a necessary input for kinetic approaches (cf. [2,9]). But on the other
hand, they are interesting for themselves because they are mainly related to the baryon res-
onance dynamics. Different facets of the manifestation of baryon resonances in πN collisions
have been analyzed in Refs. [9–16]. Particularly interesting are such recent theoretical ap-
proaches as in [12,14] which attempt a unifying description of meson-nucleon interactions.
The quantum interference in e+e− decays of intermediate ρ and ω mesons produced in
the exclusive reaction π−p → nρ(ω)→ ne+e− has been first discussed in Ref. [13], and the
first round of HADES experiments will experimentally address this problem [8]. Here, we
would like to emphasize that the ρ − ω interference in dielectron production has also an
another interesting aspect: The interference may be used as a tool for studying the isoscalar
part of the electromagnetic current in the resonance region, what is rather difficult to do
by another methods. Varying the dilepton invariant mass M one can test low-lying baryon
resonances which are deeply subthreshold for on-shell omega production. Of course, the
contribution of the isoscalar part (i.e., the virtual ω production) is much smaller than the
dominant isovector (i.e., virtual ρ production) at M 6= mω but it may be clearly seen in the
ρ − ω interference which is proportional to the difference of the e+e− cross sections in π−p
and π+n collisions.
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Indeed, since the electromagnetic current is the sum of isoscalar and isovector components
[17], the invariant amplitude of the reaction π−p→ ne+e− with total isospin I = 1
2
may be
expressed as
T pi
−p→ne+e− ∝ T scalar + T vector, (1)
where, according to the vector dominance model, the isoscalar (isovector) contributions may
be identified with ω (ρ) meson intermediate states, i.e. T scalar ∝ T ω and T vector = T ρ. A
rotation by 180o around the y-axis in isospin space leads to the transformations |p〉 → −|n〉,
|n〉 → |p〉, |π−〉 → −|π+〉, |ω〉 → |ω〉, |ρ0〉 → −|ρ0〉 and, therefore, one gets
T pi
+n→pe+e− ∝ T scalar − T vector. (2)
That means, the quantum interferences in the reactions π−p and π+n are different, and
these differences might be well observable in the vicinity of the ω resonance peak.
In Ref. [15] the ω production in πN interactions has been analyzed within an approach
based on tree level diagrams and effective Lagrangians. A strong contribution in the near-
threshold energy region is found to stem from the s and u channels of nucleon and baryon
resonances amplitudes. In the present work we will consider these dominant amplitudes as
depicted in Fig. 1. (The restriction to s and u channels, and the exclusion of the t channel, is
in line with the concept of duality.) We will account for the resonances with massMB∗ ≤ 1.72
GeV (B∗ = N,N∗,∆). This means that, together with the T ω±T ρ interferences one has to
consider the strong ”internal” interferences within the ω and ρ channels separately which are
in turn different in both channels. Therefore, the proper choice of the πNB∗, ωNN∗, and
ρNB∗ coupling constants and their phases becomes the central problem. To demonstrate the
T ω±T ρ interferences within a concise framework we rely mainly on [18], where the relevant
coupling constants are expressed in terms of the corresponding couplings to the nucleon by
using a quark model. We will also briefly discuss the possibility to use the known partial
widths of B∗ → Nρ decays to fix the absolute values of ρNB∗ couplings. Our approach
highlights the role of the coupling of subthreshold resonances to the Nρ and Nω systems
(cf. [12,14,19] for discussion and further references).
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Our paper is organized as follows. In Section II, we define the effective Lagrangians,
derive expressions for invariant amplitudes of the processes shown in Fig. 1 and discuss
the parameter fixing. In Section III the results of numerical calculations and predictions
are presented. The summary is given in Section IV. In the Appendices we show explicit
expressions of effective Lagrangians and invariant amplitudes.
II. AMPLITUDES
The differential cross section of the reaction πN → Ne+e− averaged over the azimuthal
angle of the electron is defined as
dσ
dΩdΩedM2
=
αM2
8π2
[
Σ‖ sin2Θ+ Σ⊥(1 + cos2Θ)
]
, (3)
where Ωe and Θ are the solid and polar angles of the electron, Ω and θ denote the solid and
polar angles of the dielectron in the center of mass system of the entrance channel, and M
stands for the invariant e+e− mass. The longitudinal and transversal distributions Σ‖,⊥ read
Σ‖ =
1
128π2s
|q|
|k|
∑
si,sf
∣∣∣∣∣∣
fρT
λ=0
ρ si,sf
M2 −m2ρ + imρΓρ
+
fωT
λ=0
ω si,sf
M2 −m2ω + imωΓω
∣∣∣∣∣∣
2
,
Σ⊥ =
1
128π2s
|q|
|k|
∑
si,sf
∣∣∣∣∣∣
fρT
λ=1
ρ si,sf
M2 −m2ρ + imρΓρ
+
fωT
λ=1
ω si,sf
M2 −m2ω + imωΓω
∣∣∣∣∣∣
2
, (4)
where k = (Epi, k) and q = (EV ,q) are the four-momenta of the pion and the dielectron
(or the intermediate vector meson) in the center of mass system. We denote the four-
momenta of the initial (target) and final (recoil) nucleons by p and p′; s = (p + k)2 is the
usual Mandelstam variable. T λρ(ω)si,sf
stands for the invariant amplitude of the virtual vector
meson ρ (ω) production with polarization λ and nucleon spin projections si, sf ; mV (with
V = ω, ρ0) is the vector meson mass, fV denote the coupling constants of the V → e+e−
decays, and ΓV are the total decay widths. For the ω meson, Γω = 8.41 MeV [20], while for
the wide ρ meson we use the energy dependent width
Γρ = Γρ
0
[
M2 − 4m2pi
m2ρ − 4m2pi
,
] 3
2
, (5)
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keeping the strongest M dependence which comes from the corresponding ρππ Lagrangian,
with Γρ
0 = 150.7 MeV [20].
The differential invariant mass distribution integrated over dΩe reads
dσ
dΩdM2
=
αM2
3π
[
Σ‖ + 2Σ⊥
]
. (6)
A. Effective Lagrangians
Calculating the invariant amplitudes for the basic processes shown in Fig. 1 we use the
following effective interaction Lagrangians in symbolic notation
LpiNB∗ = fpiNN ψ¯N FNπ · tψN +
∑
i
fpiNB∗i ψ¯N Fiπ · tψi +
∑
i
fpiNB∗i ψ¯N Fαi π · tψiα
+
∑
i
fpiNB∗i ψ¯N F
αβ
i π · tψ
i
αβ + h.c., (7)
LωNN∗ = gωNN ψ¯N GµNψNωµ +
∑
i
gωNN∗i ψ¯N G
µ
i ψ
iωµ +
∑
i
gpiNN∗i ψ¯N G
µα
i ψ
i
αωµ
+
∑
i
gpiNN∗i ψ¯N Gµαβi ψiαβωµ + h.c., (8)
LρNB∗ = gρNN ψ¯N GµNρµ·tψN +
∑
i
gρNB∗i ψ¯N Gµi ρµ·tψi +
∑
i
gρNB∗i ψ¯N Gµαi ρµ·tψiα
+
∑
i
gρNB∗i ψ¯N G
µαβ
i ρµ·tψ
i
αβ + h.c., (9)
where π, ρµ and ωµ, are the pion, rho and omega meson fields, ψN , ψ
i, ψiα and ψ
i
αβ stand
for the nucleon, spin-1
2
, spin-3
2
and spin-5
2
baryon resonances, respectively. For spin-3
2
and
5
2
fields we use Rarita-Schwinger field operators. α, β, γ, · · ·µ, ν, · · · are Lorentz indices; i
enumerates the corresponding baryon states. The isospin operator t is just Pauli’s matrix τ
for the nucleon and nucleon resonances with isospin 1
2
, while for isospin-3
2
it is the transition
matrix χ for delta-resonances, see [18]. In the isoscalar amplitude we include the contribution
of the nucleon (N) and the 8 resonances (N∗) P11(1440), D13(1520), S11(1535), S11(1650),
D15(1675), F15(1680), D13(1700), P13(1720) (the neglect of P11(1710) is motivated in [15]).
For the isovector amplitude we consider these states and additionally the 4 ∆ states up to
5
1700 MeV (all together B∗) P33(1232), P33(1600), S31(1620), D33(1700). The explicit form
of the employed effective Lagrangians is listed in Appendix A, where the symbols G······ and
F ······ are resolved.
B. Invariant amplitudes
The isoscalar invariant amplitude is the coherent sum of nucleon and resonance channels
in the following form (the nucleon spin projections are now suppressed)
T λω (N) = gωNN
fpiNN
mpi
u¯(p′)
[
A(ω)µs (N) +A(ω)µu (N)
]
u(p) ε∗λµ Iω,
T λω (N
∗) = gωNN∗
fpiNN∗
mpi
u¯(p′)
[
A(ω)µs (N∗) +A(ω)µu (N∗)
]
u(p) ε∗λµ Iω, (10)
where ελµ is the polarization four-vector for a spin-1 particle with spin projection λ, four-
momentum p = (E,p) and mass m
ελ(p) =
(
ǫλ · p
m
, ǫλ +
p (ǫλ · p)
m(E +m)
)
, (11)
with the three-dimensional polarization vector ǫ with components ǫ±1 = ∓ 1√
2
( 1, ±i, 0 ),
ǫ0 = ( 0, 0, 1 ).
The isovector invariant amplitude has a slightly different form because of the correspond-
ing isospin factors,
T λρ (N) = gρNN
fpiNN
mpi
u¯(p′)
[
A(ρ)µs (N)−A(ρ)µu (N)
]
u(p) ε∗λµ Iρ(N),
T λρ (N
∗) = gρNN∗
fpiNN∗
mpi
u¯(p′)
[
A(ρ)µs (N∗)−A(ρ)
µ
u (N
∗)
]
u(p) ε∗λµ Iρ(N),
T λρ (∆
∗) = gρN∆
fpiN∆
mpi
u¯(p′)
[
A(ρ)µs (∆) +A(ρ)µu (∆)
]
u(p) ε∗λµ Iρ(∆), (12)
where the isospin factor Iρ(N) = −
√
2 for the reaction π−p → ne+e− (+√2 for π+n →
pe+e−) and Iρ(∆) =
√
2/3. The s and u channel operators A(ρ,ω)µs and A(ρ,ω)µu in Eq. (10)
are defined by the effective Lagrangians of Eqs. (7, 8) and listed in Appendix B. Iω =
√
2 is
the isospin factor.
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Following the previous studies [15,21,22] we assume that the vertices must be dressed by
form factors for off-shell baryons
FB∗(r
2) =
Λ∗4B
Λ∗4B + (r2 −M2B∗)2
, (13)
where r is the four-momentum of the virtual baryons B∗ with massMB∗ . Eq. (13) represents
the simplest form being symmetric in the s and u channels. The form factor is positive and
decreases with increasing off-shellness in both channels.
An analysis of Eqs. (10 - 12) shows that (i) the interference between s and u channels
is different for the ω and ρ production amplitudes, (ii) an additional difference comes from
the different values and phases of the couplings gV NN∗ for the same resonances, and (iii)
the ρ − ω interference is different for π−p and π+n interactions, as already anticipated in
Eqs. (1, 2).
C. Fixing parameters
The coupling constants fV of the decays V = ρ, ω → e+e− in Eq. (4) are related to the
corresponding decay widths as
f 2V =
3ΓV→e+e−
αmV
. (14)
Using Γρ→e+e− = 6.77 keV and Γω→e+e− = 0.60 keV [20] one gets fρ = 0.06 and fω = 0.0177.
The nucleon and nucleon resonance amplitudes in Fig. 1 are determined by the couplings
fpiNN , fpiNB∗ , gωNN , gωNN∗ , gρNN , gρNB∗ , gV NN and κV NN , the resonance widths Γ
0
B∗ the
branching ratios BpiB∗ , and the cut-offs ΛB. For the coupling constant fpiNN we use the
standard value fpiNN = 1.0 [18,23]. For the ωNN coupling we use the values gωNN = 10.35
and κωNN = 0 determined recently in [18,24]. For the ρNN coupling we use the value
gρNN = 3 and κρNN = 6.1 [18,23].
The values of coupling constants fpiNB∗ are determined from a comparison of calculated
decay widths ΓN∗→Npi with the corresponding experimental values [20]. The corresponding
signs are taken in accordance with the quark model prediction of Ref. [18].
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The values of coupling constants gV NB∗ follow from gV NB∗ = [gV NB∗/gV NN ]gV NN , where
the ratio [gV NB∗/gV NN ] is determined by the quark model calculation of Ref. [18]. In sub-
section IIIB we contrast this choice of the parameters gV NB∗ with another one.
The yet undetermined 13 cut-off parameters ΛB∗ in Eq. (13) are reduced to one by
making the natural assumption
ΛN = ΛB∗ ≡ ΛB. (15)
The total cross section of real ω production in the near threshold region is reproduced by
choosing ΛB = 0.66 GeV [15].
III. RESULTS
A. Using coupling parameters from [18]
Similar to our previous study of ω production [15] we use the coupling strengths and
phases from [18]. For convenience we show in Table 1 all the coupling constants, decay widths
and branching ratios used in our calculation. (The masses, decay widths and branching
ratios in Table 1 represent the averages in [20].) The results of our full calculation of the
differential cross section as a function of dielectron invariant mass are shown in Fig. 2 for
the reaction π−p → ne+e− at two energies, s1/2 =1.6 and 1.8 GeV. Here and later on, the
calculations have been done for the dielectron (or virtual vector meson) production at θ = 30o
in the corresponding center of mass system, except for particular cases which are mentioned
explicitly below. We also show separately the contributions of the ω and ρ channels. At
an energy of s1/2 = 1.8 GeV (see Fig. 2, right panel), which is about 80 MeV above the ω
production threshold, one can see the sharp ω resonance peak at M ≃ mω. Away of the
ω peak position one observes a strong decrease of the ω contribution as compared with the
fairly flat ρ contribution, at the exhibited scale. In contrast, for an energy sufficiently below
the ω threshold (Fig. 2, left panel), also the ω contribution is a smooth function of M but
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below the ρ contribution. This is because the suppression of the resonance factor in Eq. (4)
at M 6= mω is much stronger for ω.
For the reaction π+n → pe+e−, the shape of the invariant mass distribution is similar
and, therefore, is not displayed here. But the absolute values of the corresponding total
distributions are different, and this difference is shown in Fig. 3, where the reactions π−p→
ne+e− and π+n → pe+e− are compared. The difference reaches a factor up to three and
depends on both the energy and the invariant mass. At low energy the cross section for the
reaction π−p is smaller, while at higher energy it is greater than that for π+n interactions.
The reason of this effect is the difference in ρ − ω interferences in the two reactions and
a different role of individual baryon resonances depending on the initial energy. In order
to get insight into the resonance dynamics, in Figs. 4 and 5 we show the contribution of
each resonance separately for ρ (left panels) and ω (right panels) channels as a function of
the dielectron production angle for the reaction π−p → ne+e−. Most transparent is the
situation for the ω channel. One can see that dominant contributions come from S11(1535)
and S11(1650) resonances. For ω production their phases are opposite, while for ρ production
they are the same. At low energy (see Fig. 4) the contribution of S11(1535) is greater and
taking into account the additional isospin factor Iρ in Eq. (12) we find a destructive total
interference at low energy in the reaction π−p → ne+e−, while for π+n → pe+e− the
interference is constructive. In the ρ channel also the P11(1440) resonance plays a role.
At higher energies (see Fig. 5) for ω production the S11(1650) resonance is dominant and,
therefore, the total ρ−ω interference for π−p→ ne+e− ( π+n→ pe+e−) becomes constructive
(destructive) as depicted in Fig. 3. For backward directions, the nucleon channel makes a
noticeable contribution.
The relative contribution of different resonances depends on the energy, and this de-
pendence is exhibited in Fig. 6 for dominant resonances at M = 0.6 GeV. One can see
the dominance of S11(1535) at low energy and of F15(1680) at higher energies. The domi-
nance of S11(1535) at low energy leads to a strong destructive (constructive) interference in
π−p → ne+e− ( π+n → pe+e−) reactions shown in Fig. 7, where we display the invariant
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mass distribution as a function of energy at M = 0.6 MeV.
In Fig. 8 we show the energy dependence of the invariant mass distributions at M = 0.6
and 0.782 GeV. One can see a striking difference for the two reactions under consideration.
There is also a strong sensitivity on changes of the invariant dilepton mass M .
Fig. 9 (left panel) displays the energy dependence of the spin-density matrix element ρ00
ρ00 =
Σ‖
Σ‖ + 2Σ⊥
, (16)
at θ = 30o. One can see a similar qualitative behavior of ρ00 for the two reactions. The
corresponding angular distributions of electrons, normalized to 1, are shown in Fig. 9 (right
panel). We have to note that near threshold ρ00 is close to
1
3
which results in an almost
isotropic electron distribution. Far above the threshold, for example at s1/2 = 1.8 GeV and
M = 0.6 GeV, the resonance F15(1680) becomes dominant and ρ00 exhibits an additional θ
dependence with maxima at θ = 0, π and a minimum at θ = pi
2
, which leads to an anisotropy
in the electron decay distributions.
B. Adjusting couplings from resonance decays
All the above results are obtained with resonance parameters shown in Table 1 and based
on the quark model estimates in [18]. In [12,14] coupled channel calculations are performed
with the goal the extract the couplings from a combined analysis of a large set of reaction
data. To get an idea on the importance of a particular set of coupling strengths within our
approach one should compare the above results with such ones which rely on a different set.
In principle, one can try to get the absolute values of the ρNB∗ coupling strengths by using
the partial branching ratios of the decays B∗ → Nρ [20] via
gfit 2ρNB∗i = ΓB
∗
i→Nρ

 2aimρΓρ0
8π2(2Ji + 1)M2B∗i
∫ s1/2−MN
2mpi
k(M)F (M)MdM
(M2 −m2ρ)2 + (mρΓρ)2


−1
, (17)
where k(M) =
√
M2/4−m2pi, ai = 3 (1) for resonances with isospin 12 (32), and Ji is the
resonance spin. The function F (M) reads
10
F (M) = Sp
(
( 6p ′ +MN )Gµ,κΠκ,κ′ Gν,κ′
)
(−gµν + qµgν
M2
), (18)
where Gµ,κ (κ = 0, α, αβ) according to Eqs. (8, 9) is taken from Eqs. (A3 - A13) and
Πκ,κ′ =
∑
r
U rκU¯ rκ′ (19)
with U from Eq. (B19). The corresponding branching ratios and gfitρNB∗ are shown in Table 2,
where the phases are taken the same as predicted by quark model [18] shown in Table 1. One
can see that some of the couplings in Table 2 are smaller than the corresponding values in
Table 1 (cf. P11(1440), D13(1520), S11(1535), S11(1650), D13(1700), D15(1675), F15(1680)),
while for other resonances they are greater (cf. P33(1600), S31(1620), D33(1700), P13(1720)).
It should be emphasized that a calculation with gfitρNB∗ is not fully self consistent because
one can not fix the coupling gωNN
∗ by this method, rather for them we use the prediction
of the quark model [18] as listed in Table 1. Nevertheless, for methodical purposes and to
elucidate the sensitivity of our results, we perform such a calculation and present the results.
In Fig. 10 (left panel) we show the individual contributions of resonances for the ρ
channel of the reaction π+n → pe+e− as a function of s1/2. The resonances S11(1535)
and, somewhat less important, P11(1440) dominate at low energy, while P13(1720) becomes
stronger at higher energies; in between S11(1650) is important. The total contribution of the
ρ meson with this new parameter set is smaller. The differential cross sections are shown in
Fig. 10 (right panel). The absolute value of the total cross section is smaller than that shown
in the left panel of Fig. 7. But qualitatively their behavior is similar for both parameter
sets.
In Fig. 11 we show the differential cross section of dielectron production for the reactions
π−p → ne+e− and π+n → pe+e− as a function of s1/2 at M = 0.6 GeV (left panel) and as
a function of M at s1/2 = 1.8 GeV (right panel). The isospin effect is greater at low energy
and low invariant mass, as shown in the left panel.
In Fig. 12 we show the energy dependence of the spin-density matrix element ρ00 (left
panel) and electron angular distribution (right panel), as in Fig. 9. One can see a strong
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difference of ρ00 for the two reactions and a deviation from the results shown in Fig. 9:
a strong increase at low energy for the π+n reaction, because of a sizable contribution of
the P11(1440) resonance, and relatively small value of ρ00 at higher energy, because of the
dominance of the P13(1720) resonance. Also the angular distributions change considerably
for this new parameter set. This sensitivity clearly demonstrates the need of experimental
data for constraining the parameter space.
IV. SUMMARY
In summary we have performed a combined analysis of the dielectron invariant mass
distributions for the exclusive reactions π−p→ ne+e− and π+n→ pe+e− near the ω thresh-
old. The differential cross sections for the two reactions are different because of different
ρ0 − ω interferences. The calculation is based on a resonance model with s and u channels,
where the ω(ρ)NB∗ couplings as well as the phases of the πNB∗ couplings are either taken
from the recent work [18] or, at least partially, are determined from resonance decays. The
found isospin effect is sensitive to the resonance coupling parameters and, therefore, may
be used as a powerful tool for the study of the resonance dynamics in dielectron production
processes.
We have shown that our predictions can be experimentally tested by measuring the an-
gular distribution of decay particles in reactions of the type πN → NV → Ne+e− which are
accessible with the pion beam at the HADES spectrometer at GSI/Darmstadt [8]. (Notice
that for the inverse reactions with real photons a sizeable isospin effect is found, see [26].)
We propose for the first time a systematic study of the isoscalar part of the electromagnetic
current by using a combined analysis of dielecton production in π+n and π−p reactions. To
this end it would be desirable to have at our disposal the ratio or the difference of the π+n
and π−p cross sections (which might be deduced, e.g., from the reactions π+d and π−d) as
a function of both the invariant dilepton mass in the interval M = 0.6 · · ·0.8 GeV and the
energy in the interval s1/2 = s
1/2
threshold · · · 1.9 GeV. This quantity is most sensible for a study
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of the ρ− ω interference.
Finally, it should be stressed that the present investigation is completely based on the
resonance model and, therefore, is valid near threshold. At higher energy one has to include
other mechanisms like meson exchange t channel amplitudes. Unfortunately, in this case
one has to make some assumptions on the relative phase between t and s, u channels, which
is hitherto unknown. However, we expect that the presented isospin effect will persist in
this case too.
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APPENDIX A: EFFECTIVE LAGRANGIANS
The effective Lagrangians for ω production within the framework of the Riska-Brown
model [18] are listed in Ref. [15]. Therefore, here we focus on ρ production (the effective
interaction Lagrangians needed for ω production follow from the formulas below by the
substitution ρ→ ω and omitting corresponding isospin factors, and skipping the ∆ and ∆∗
contributions). For completeness we also include interactions with pions. With the notation
of subsection IIA the relevant expressions read
L
N
1
2
+(940)N
pi,ρNN = ψ¯N
[
−fpiNN
mpi
γ5γµ ∂
µπ · τ − gρNN
(
γµ − κρNN
2MN
σµν∂
ν
)
ρµ·τ
]
ψN , (A1)
L
∆ 3
2
+ (1232)P33
pi,ρN∆ = ψ¯N
[
i
f 1232piN∆
mpi
∂απ · χ
− g
1232
ρNN∗
M∆ +MN
γ5
(
γµ∂
α − gαµ 6∂
)
ρµ·χ
]
ψ∆α + h.c., (A2)
13
L
N
1
2
+ (1440)P11
pi,ρNN∗ = ψ¯N
[
−f
1440
piNN∗
mpi
γ5γµ ∂
µπ · τ
− g1440ρNN∗ (γµ + ∂µ 6∂ m−2ρ −
κρNN∗
MN∗ −MN σµν∂
ν)ρµ·τ
]
ψN∗ + h.c., (A3)
L
N
3
2
−(1520)D13
pi,ρNN∗ = ψ¯N
[
i
f 1520piNN∗
mpi
γ5 ∂
απ · τ +
g1520ρNN∗
m2ρ
σµν∂
ν∂α ρµ·τ
]
ψN∗α + h.c., (A4)
L
N 1
2
−(1535) S11
pi,ρNN∗ = ψ¯N
[
−f
1535
piNN∗
mpi
γµ ∂
µπ · τ − g1535ρNN∗ γ5 (γµ + ∂µ 6∂ m−2ρ )ρµ·τ
]
ψN∗ + h.c., (A5)
L
∆
3
2
+ (1600)P33
pi,ρN∆ = ψ¯N
[
i
f 1600piN∆∗
mpi
∂απ · χ
− g
1600
ρN∆∗
M∆∗ +MN
γ5
(
γµ∂
α − gαµ 6∂
)
ρµ·χ
]
ψ∆α + h.c., (A6)
L
∆
1
2
−(1620) S31
pi,ρN∆∗ = ψ¯N
[
−f
1620
piN∆∗
mpi
γµ ∂
µπ · χ − g1620ρN∆∗ γ5 (γµ + ∂µ 6∂ m−2ρ )ρµ·χ
]
ψ∆ + h.c., (A7)
L
N 1
2
−(1650) S11
pi,ρNN∗ = ψ¯N
[
−f
1650
piNN∗
mpi
γµ ∂
µπ · τ − g1650ρNN∗ γ5 (γµ + ∂µ 6∂ m−2ρ )ρµ·τ
]
ψN∗ + h.c., (A8)
L
N
5
2
−(1675)D15
pi,ρNN∗ = ψ¯N
[
−f
1675
piNN∗
m2pi
∂α∂βπ · τ +
g1675ρNN∗
m2ρ
ǫαγµν γν ∂γ∂
β ρµ·τ
]
ψN∗αβ + h.c., (A9)
L
N 5
2
+ (1680)F15
pi,ρNN∗ = ψ¯N
[
−if
1680
piNN∗
m2pi
γ5∂
α∂βπ · τ
+
g1680ρNN∗
m2ρ
(γµ + ∂µ 6∂ m−2ρ ) ∂α∂β ρµ·τ
]
ψN∗αβ + h.c., (A10)
L
∆ 3
2
−(1700)D33
pi,ρN∆∗ = ψ¯N
[
i
f 1700piN∆∗
mpi
γ5∂
απ · χ +
g1700ρN∆∗
m2ρ
σµν∂
ν∂α ρµ·χ
]
ψ∆α + h.c., (A11)
L
N
3
2
−(1700)D13
pi,ρNN∗ = ψ¯N
[
i
f 1700piNN∗
mpi
γ5∂
απ · τ +
g1700ρNN∗
m2ρ
σµν∂
ν∂α ρµ·τ
]
ψN∗α + h.c., (A12)
L
N 3
2
+ (1720)P13
pi,ρNN∗ = ψ¯N
[
i
f 1720piNN∗
mpi
∂απ · τ
− g
1720
ρNN∗
MN∗ +MN
γ5
(
γµ∂
α − gαµ 6∂
)
ρµ·τ
]
ψN∗α + h.c.. (A13)
We use the convention of Bjorken and Drell [25] in definitions of γ matrices and the spin
matrix σµν . The expressions Eqs. (A1 - A13) are based on [18].
APPENDIX B: INVARIANT AMPLITUDES
Here we list the explicit expressions for the amplitudes Aµ(N∗) ≡ A(ρ)µ(N∗) =
A(ρ)µs (N∗)−A(ρ)µu (N∗) (expressions for ω production follow from them in a straightforward
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way) and Aµ(∆∗) ≡ A(ρ)µ(∆∗) = A(ρ)µs (∆∗) +A(ρ)µu (∆∗) in Eq. (12),
Aµ(N940 ) = −i
Γ(ρ)µ (−q)Λ(pL,MN∗)γ5 6k FN(s)
s−m2N
+ i
γ5 6kΛ(pR,MN∗)Γ(ρ)µ (−q)FN(u)
u−m2N
, (B1)
Aµ(∆1232) = −i
γ5 (q
αγµ − gαµ 6q) Λαβ(pL,M∆)kβF∆(s)
(M∆ +MN)(s−M2∆ + iΓ∆M∆)
,
−ik
βΛβα(pR,M∆)γ5 (q
αγµ − gαµ 6q)F∆(u)
(M∆ +MN )(u−M2∆ + iΓ∆M∆)
, (B2)
Aµ(N1440) = −i
(γµ +
κρNN∗
MN∗−MN qµ)Λ(pL,MN∗)γ5 6k FN∗(s)
s−M2N∗ + iΓN∗MN∗
+i
γ5 6kΛ(pR,MN∗)(γµ + κρNN∗MN∗−MN qµ)FN∗(u)
u−M2N∗ + iΓN∗MN∗
, (B3)
Aµ(N1520) = −σµνq
νqαΛαβ(pL,MN∗)γ5k
βFN∗(s)
m2ρ(s−M2N∗ + iΓN∗MN∗)
+
γ5k
αΛαβ(pR,MN∗)σµν q
νqβFN∗(u)
m2ρ(u−M2N∗ + iΓN∗MN∗)
, (B4)
Aµ(N1535) = −iγ5γµΛ(pL,MN
∗) 6k FN∗(s)
s−M2N∗ + iΓN∗MN∗
+ i
6kΛ(pR,MN∗)γ5γµFN∗(u)
u−M2N∗ + iΓN∗MN∗
, (B5)
Aµ(∆1600) = −i
γ5 (q
αγµ − gαµ 6q) Λαβ(pL,M∆∗)kβF∆∗(s)
(M∆∗ +MN)(s−M2∆∗ + iΓ∆∗M∆∗)
,
−ik
βΛβα(pR,M∆∗)γ5 (q
αγµ − gαµ 6q)F∆∗(u)
(M∆∗ +MN )(u−M2∆∗ + iΓ∆∗M∆∗)
, (B6)
Aµ(∆1620) = −iγ5γµΛ(pL,M∆
∗) 6k F∆∗(s)
s−M2∆∗ + iΓ∆∗MN∆∗
− i 6kΛ(pR,M∆∗)γ5γµF
∗
∆(u)
u−M2∆∗ + iΓ∆∗M∆∗
, (B7)
Aµ(N1650) = −iγ5γµΛ(pL,MN
∗) 6k FN∗(s)
s−M2N∗ + iΓN∗MN∗
+ i
6kΛ(pR,MN∗)γ5γµFN∗(u)
u−M2N∗ + iΓN∗MN∗
, (B8)
Aµ(N1675) = −
ǫατµνq
τqβkγkδ
mpim2ρ
(
γνΛαβ,γδ(pL,MN∗)FN∗(s)
s−M2N∗ + iΓN∗MN∗
− Λγδ,αβ(pR,MN∗)γ
νFN∗(u)
u−M2N∗ + iΓN∗MN∗
)
, (B9)
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Aµ(N1680) = −iq
αqβkγkδ
mpim2ρ
(
γµΛαβ,γδ(pL,MN∗) γ5FN∗(s)
s−M2N∗ + iΓN∗MN∗
− γ5Λγδ,αβ(pR,MN∗)FN∗(u)
u−M2N∗ + iΓN∗MN∗
)
,
Aµ(∆1700) = −σµνq
νqαΛαβ(pL,M∆∗) γ5k
βF∆∗(s)
m2ρ(s−M2∆∗ + iΓ∆∗M∆∗)
−γ5k
αΛαβ(pR,M∆∗)σµνq
νqβF∆∗(u)
m2ρ(u−M2∆∗ + iΓ∆∗M∆∗)
, (B10)
Aµ(N1700) = −σµνq
νqαΛαβ(pL,MN∗) γ5k
βFN∗(s)
m2ρ(s−M2N∗ + iΓN∗MN∗)
+
γ5k
αΛαβ(pR,MN∗)σµνq
νqβFN∗(u)
m2ρ(u−M2N∗ + iΓN∗MN∗)
, (B11)
Aµ(N1720) = −i
γ5 (q
αγµ − gαµ 6q) Λαβ(pL,MN∗)kβFN∗(s)
(MN∗ +MN)(s−M2N∗ + iΓN∗MN∗)
,
+i
kβΛβα(pR,MN∗)γ5 (q
αγµ − gαµ 6q)FN∗(u)
(MN∗ +MN)(u−M2N∗ + iΓN∗MN∗)
, (B12)
with pL = p+ k, pR = p− q and
Γ(ρ)α (k(ρ)) = γα + i
κρNN
2MN
σαβ k
β
(ρ). (B13)
For completeness we display also expressions for propagators and Rarita-Schwinger
spinors. The resonance propagators in Eqs. (B1 - B12) are defined by the conventional
method [27] assuming the validity of the spectral decomposition
ψN∗(x) =
∫ d3p
(2π)3
√
2Ep
[
ap,r u
r
N∗(p)e
−ipx + b+
p,r v
r
N∗(p)e
+ipx
]
. (B14)
The finite decay width ΓN∗ is introduced into the propagator denominators by substituting
MN∗ → MN∗ − i2ΓN∗ . Therefore, the operators Λ···(p,M) are defined as
Λ(p,M) =
1
2
∑
r
(
(1 +
p0
E0
)ur(p, E0)⊗ u¯r(p, E0)
−(1− p0
E0
)vr(−p, E0)⊗ v¯r(−p, E0)
)
= 6p + M, (B15)
Λαβ(p,M) =
1
2
∑
r
(
(1 +
p0
E0
)U rα(p, E0)⊗ U¯ rβ(p, E0)
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−(1− p0
E0
)Vrα(−p, E0)⊗ V¯rβ(−p, E0)
)
, (B16)
Λαβ,γδ(p,M) =
1
2
∑
r
(
(1 +
p0
E0
)U rαβ(p, E0)⊗ U¯ rγδ(p, E0)
−(1− p0
E0
)Vrαβ(−p, E0)⊗ V¯rγδ(−p, E0)
)
, (B17)
where E0 =
√
p2 +M2, and the Rarita-Schwinger spinors read
U rα(p) =
∑
λ,s
〈1 λ 1
2
s| 3
2
r〉 ελα(p) us(p), (B18)
U rαβ(p) =
∑
λ,λ′s,t
〈1 λ 1
2
s| 3
2
t〉 〈3
2
t 1 λ′| 5
2
r〉 ελα(p) ελ
′
β (p) u
s(p). (B19)
The spinors v and V are related to u and U as v(p) = iγ2 u∗(p) and V(p) = iγ2 U∗(p),
respectively. In our calculations we use energy-dependent total resonance decay widths ΓN∗ .
However, taking into account that the effect of a finite width is quite different for s and u
channels, because of the evident relation |u|+M2N∗ ≫ |s−M2N∗|, we use ΓN∗ = Γ0N∗ for the
u channels and
ΓN∗ = Γ
0
N∗

1− BpiN∗ +BpiN∗
(
k
k0
)2J (B20)
for the s channels, where Γ0N∗ is the total on-shell resonance decay width and B
pi
N∗ stands
for the branching ratio of the N∗ → Nπ decay channel taken from [20]; k0 is the pion
momentum at the resonance position, i.e. at
√
s = MN∗ , and the factor (k/k0)
2J comes
from a direct calculation of the N∗ → Nπ decay width using the effective Lagrangians of
Eqs. (A3 - A13), where we keep the leading term proportional to k2J .
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TABLES
baryon MB∗ fpiNB∗ gωNB∗ gρNB∗ Γ
0
B∗ B
pi
B∗
N 12
+
N 940 1.0 10.35 3.0 — —
N 12
+
P11 1440 0.39 6.34 1.78 350 0.65
N 32
−
D13 1520 −1.56 8.88 5.0 120 0.55
N 12
−
S11 1535 0.36 −5.12 −2.9 150 0.45
N 12
−
S11 1650 0.31 2.56 −0.72 150 0.73
N 52
−
D15 1675 0.10 10.87 −3.1 150 0.45
N 52
+
F15 1680 −0.42 −14.07 −19.8 130 0.65
N 32
−
D13 1700 0.36 2.81 −0.45 100 0.10
N 32
+
P13 1720 −0.25 −3.17 −4.46 150 0.15
∆32
+
P33 1232 2.21 − 17.32 120 0.99
∆32
+
P33 1600 0.52 − 17.1 350 0.18
∆12
−
S31 1620 −0.17 − 0.88 150 0.25
∆32
−
D33 1700 1.32 − 1.53 300 0.15
TABLE I. Parameters for the resonance masses, coupling constants, total decay widths and
branching ratios for N∗ → Npi decays. The resonance masses and decay widths are in units of
MeV.
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baryon MB∗ g
fit
ρNB∗ B
ρ
B∗
N 12
+
P11 1440 1.07 < 0.08
N 32
−
D13 1520 2.70 0.15 − 0.25
N 12
−
S11 1535 −0.63 < 0.04
N 12
−
S11 1650 −0.49 0.04 − 0.12
N 52
−
D15 1675 −0.79 0.01 − 0.03
N 52
+
F15 1680 −1.19 0.03 − 0.15
N 32
−
D13 1700 −1.31 < 0.35
N 32
+
P13 1720 −13.9 0.7− 0.85
∆32
+
P33 1600 41.0 < 0.25
∆12
−
S31 1620 1.39 0.07 − 0.25
∆32
−
D33 1700 4.27 0.30 − 0.55
TABLE II. Parameters for the coupling constants gfitρNN∗ calculated from the partial decay
widths ΓB∗→Nρ [20].
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FIG. 1. Diagrammatic representation of the reaction piN → Ne+e− for the s and u channels.
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FIG. 2. Differential cross sections of dielectron production for the reactions pi−p → ne+e−
as a function of the dielectron invariant mass for s1/2 = 1.6 GeV (left panel) and s1/2 = 1.8 GeV
(right panel). Dashed and dot-dashed lines correspond to separate ω and ρ contributions, while
solid lines are for the coherent sums.
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FIG. 3. Differential cross sections of dielectron production for the reactions pi−p → ne+e−
(solid lines) and pi+n → pe+e− (dashed lines) as a function of dielectron invariant mass for
s1/2 = 1.6 GeV (left panel) and 1.8 GeV (right panel).
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FIG. 4. Angular distribution of the individual contributions of nucleon resonances listed in
Table 1 to the spin averaged invariant amplitude of ρ (left panel) and ω (right panel) channels at
s1/2 = 1.6 GeV and for Me+e− = 0.6 GeV.
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FIG. 5. The same as in Fig. 4 but at s1/2 = 1.8 MeV and Me+e− = 0.782 GeV.
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FIG. 6. Individual contributions of nucleon resonances to the spin averaged invariant ampli-
tude of ρ (left panel) and ω (right panel) channels as a function of s1/2 at Me+e− = 0.6 GeV.
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FIG. 7. Differential cross sections of dielectron production as a function of s1/2 forMe+e− = 0.6
GeV for the reactions pi−p→ ne+e− (left panel) and pi+n→ pe+e− (right panel).
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FIG. 8. Differential cross section of dielectron production for the reactions pi−p→ ne+e− and
pi+n→ pe+e− as a function of s1/2 for Me+e− = 0.6 GeV (left panel) and 0.782 GeV (right panel).
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FIG. 9. Spin density matrix element ρ00 for pi
−p → ne+e− (solid lines) and pi+n → pe+e−
(dashed lines) as a function of s1/2 for Me+e− = 0.6 GeV (left panel), and the angular distributions
of electrons at Me+e− = 0.6 and different values of s
1/2 (right panel).
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FIG. 10. Left panel: individual contributions of nucleon resonances listed in Table 2 to the
spin averaged invariant amplitude of ρ production at Me+e− = 0.6 GeV. Right panel: the same as
in the right panel of Fig. 7 but with resonance parameters listed in Table 2.
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FIG. 11. Left panel: the same as in the left panel of Fig. 8 but but with resonance parameters
listed in Table 2. Right panel: the same as in the right panel in Fig. 3 but with resonance
parameters listed in Table 2.
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FIG. 12. The same as in Fig. 9 but with resonance parameters listed in Table 2.
27
